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Abstract 
The current methods for water desalination based on electrical approaches that use 
membranes for ion filtration can be inefficient in terms of energy efficiency. One reason for 
energy inefficient desalination is the concentration polarization (CP) region at the membrane-
solution interface. A better understanding towards CP is essential in improving the process and 
increasing the efficiency of the membrane separation processes. This work reports on 
characterization and identification of CP regimes for a potassium phosphate buffer through 
model nanocapillary array membranes or NCAMs for sub-1V operation conditions. The low 
operating voltage range is chosen to minimize faradaic reactions and complement other research 
in the Prakash group towards low-energy consuming water desalination. Three nanopore sizes in 
NCAMs (10 nm, 50 nm, 100 nm) were used under different bias (10 mV - 750 mV) and 
concentration (0.2 mM, 1 mM, 10 mM) at pH 7. CP regime is identified and compared to 
previous reports for CP in membrane system with electrokinetically driven flows. The results 
indicate that the voltage for onset of the CP regime increases with smaller pore size and lower 
buffer concentration. 
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1. Introduction 
1.1 Water crisis and current water desalination technology 
1.1.1 Fresh water and water crisis 
Fresh water is essential to life. Besides the fresh water that is needed for human survival 
and agricultural uses, tremendous amounts of fresh water are also required for industrial 
operations. From Figure 1, approximately 41% of freshwater withdrawals are used for 
thermoelectric cooling and 37% for irrigation in the United States [1].   
 
Figure 1. Total fresh water withdrawals in the United States in 2005 [1] 
 
Due to the importance of water as a resource for modern society, it is essential to evaluate 
the sustainability of current water usage. Water shortage will become a great issue in the near 
future. In the United States, many regions, such as the west of Texas and south of Georgia, have 
already been suffering with severe drought since the early 1950s [2]. While climate is one of the 
factors responsible for the disaster, lack of access to sufficient fresh water supplies and 
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population growth also contribute to this issue. Only 2.5% of water on the earth is fresh water, 
and saline sea water accounts for the rest of the 97.5%. Among the 2.5%, 68.9% of fresh water is 
locked in ice caps and glaciers that cannot be utilized directly [1]. With such limited fresh water 
resources available, the rapid growth of the world population at 1.1% per year (75 million 
people/year) [3] undoubtedly further worsens the water crisis. In 2010, nearly 2.4 billion people 
live in water-scare regions [4], where basic daily freshwater requirements cannot be satisfied. 
Figure 2 shows the areas where intense water usage stresses were experienced in 2010. 
Improving the effectiveness of current water purification technologies and developing alternative 
methods to increase the current fresh water supply become essential to alleviate our fresh water 
shortages. Desalination of saline water may be one of the most perspective technologies to 
produce sustainable fresh water supply in the future [5]. 
 
Figure 2. Water stressed areas for 2010. The number on the legend represents the percent 
of total renewable water withdrawn. The red area indicates an intense stress while the 
green area indicates a mild one [4] 
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1.1.2 Evolution of water desalination 
Although the natural water cycle transfers saline water into the fresh water as precipitates, 
the process period is unpredictable and uncontrollable, it cannot serve as an effective fresh water 
supply to solve the current water crisis and meet the high volume demand. Industrial water 
desalination plants offer an effective method of augmenting the water supply. Desalination is the 
process that extracts fresh water from saline water, and was invented first by Greek sailors who 
used wool condensators to collect fresh water on board ships around 5th century B.C. [6]. The 
early age desalination techniques were mainly small scale distillation processes for navy and 
sailors. In 1881, the first commercial desalination plant was installed in Tigne, Malta to supply 
water to the local community. With the development of the semipermeable membrane in the mid 
19th century, membrane based separation was brought to the stage [6]. 
1.1.3 Current saline desalination technology and its challenges 
Current saline desalination includes thermal processing and membrane processing. The 
flow diagrams in Figure 3 describe general procedures and major characteristics of each 
desalination method.  
 
Figure 3. Current desalination technology and their global installed capacity distribution [7] 
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Thermal distillation is exploited by countries in the middle-east due to their easily 
accessible fossil fuel resource, and the high salinity and high temperature of the saline water in 
Persian Gulf and Gulf of Oman has high potential to cause membrane fouling [8]. However, 
outside the middle-east area where energy resource is limited, the installation capacity of 
membrane-based desalination plants has been steady increased from 2001 [8].  
Since energy has become a big issue throughout the world, it is urgent to examine the 
feasibility of current and new saline desalination processes. Traditional distillation methods such 
as multi-stage flash (MSF) and multi-effect distillation (MED) in Table 1 require approximately 
300 kJ/L energy for heating while achieving around 20% conversion to fresh water. The reverse 
osmosis process (RO) needs up to 25.2 kJ/l energy without any heat consumption to achieve 20-
50% of conversion as well. Therefore, membrane processing is more energy efficient than 
traditional distillation methods [7] [9].  
Table 1. Energy table for major saline water desalination technology [10] 
Process MSF MED/TVC RO 
Heat Consumption(kJ/L) 290 145-390 -- 
Electricity Consumption (kJ/L) 10.8-18 5.4-9 9-25.2 
Estimated Total Energy Consumption (kJ/L) 300.8-308.8 150.9-399 9-25.2 
Conversion to the fresh water (recovery) 10-25% 23-33% 30-50%
 
The biggest challenge for membrane processing is membrane fouling due to the scale 
formation and deposition [11]. In order to mitigate this problem, excess energy consumption is 
required in the pre-treatment step which raises the overall energy demand. Concentration 
polarization phenomena that can cause membrane fouling needs to be eliminated systematically 
in order to improve operation lifetimes of the membranes, optimize system performances, as well 
as decrease the excess energy consumptions. Furthermore, any CP mitigation methods must 
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involve minimal energy and material consumptions so as not to change the system energy budget 
significantly.  
1.2 Membrane separation  
Membrane separation processes are becoming increasingly important due to low-energy 
consumption and easy scale-up [12]. Membrane acts as a semipermeable barrier to achieve 
separation by limiting the rate of movement of various molecules between two fluid phases  
which are usually miscible [13]. The solution-diffusion model is widely used to characterize the 
flow mechanism in membrane. The permeant substances diffuse through membrane at different 
rates based on their diffusivity within the membrane, membrane pore size, and concentration of 
permeant substances on either side of the membrane [14]. When electric filed is applied to the 
system, the flux of solute will be affected by various factors. A single direction transfer 
phenomenon model is defined by 1-D Nernst-Planck equation 
 ࡶ࢏ ൌ െࡰ࢏ ࣔࢉ࢏ࣔ࢞ ൅ ࢉ࢏ࣇ െ
ࡲࡰ࢏
ࡾࢀ ࢠ࢏ࢉ࢏
ࣔࣘ
ࣔ࢞       (1) 
where ܬ௜ is the flux of ith speicie, ܦ௜	is the diffusivity , ܿ௜ is the molar concentration of ith speicie, 
ߥ is bulk fluid velocity, R is unversal gas constan, T is absolute temperature, F is Faraday’s 
constant, ݖ௜  is the valence of species and ߶  is the electrical potential. The ions transport 
phenomenon of the membrane separation system with electric field is determined by diffusion 
term  ࡰ࢏ ࣔࢉ࢏ࣔ࢞  , convection term  ࢉ࢏ࣇ and especially potential ditrubution term 
ࡲࡰ࢏
ࡾࢀ ࢠ࢏ࢉ࢏
ࣔࣘ
ࣔ࢞ [15].   
1.3 Concentration polarization 
1.3.1 Electric double layer 
Membrane selectivity is determined by pore size, surface chemistry and surface charge. 
Small, uncharged or nonpolar particles and molecules are more favorably to pass through the 
nanopore compared to the larger, charged or polar one. Besides the physically manufactured pore 
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diameter, the formation of electric double layer (EDL) due to the surface charge and the surface 
chemistry also helps to control the separation by selectively reject ions. The electrical double 
layer (EDL) is a specific charge distribution at the liquid-solid interface: the fixed surface 
charges on the solid are compensated by mobile counterions in solution [16].   
The surface charge at the solid/liquid interface attracts counter ions in the solution to 
form stern layer and diffuse layer as illustrated in Figure 4. The stern layer is usually described 
as immobilize thin layer of a few Angstroms thick [17], while the diffuse layer is the mobilized 
one with freer ion movements.   
 
Figure 4. Schematic diagram of electric double layer (EDL) [15] 
 
Combining the Boltzmann distribution with the Poisson equation, the shielding length of EDL is 
defined as  
ࣅࡰ ൌ ට ࢿࢋࡾࢀࡲ૛ࢠ૛ࢉ࢏                                                                       (2) 
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where  εe is electric permittivity of the medium, R is gas constant, F is Faraday’s constant, z is 
integer valence number and ci is concentration of specie i. This is what usually called Debye 
length. For symmetric monovalent electrolyte, Debye length is about 0.3-530 nm in 
concentration ranging from 0.33 µM to 1 M corespondingly [10]. The overall thickness of EDL 
can be estimated as five time the Debye length. The value of λD is dependent on the 
concentration of electrolyte, where high concentration generates a thinner debye length while 
low concentration creates a thicker layer for ion shielding.   
For a cylindrical interface, if an overlapping exists where EDL interacts with each other, 
the pore channels preferentially transport the ions that make up the overlapped layers. For 
example, if the major ions in the diffuse layer are cations when EDL overlaps a membrane pore 
channel, then anions can transfer through the pore easily while cations can be rejected back to 
the bulk solution. The dimensionless parameter ߢܽ was used to determine the EDL interaction 
within the pore, where ߢ is inverse Debye length, and ܽ is pore diameter. For	ߢܽ ൐ 1, the EDL is 
non-overlapping, so that electromigration dominates the flow transport; for	ߢܽ ≪ 1 the EDL 
overlaps, so that electroosmosis dominates the flow [10] [15]. The overlapping of EDL 
accelerates the accumulation of ions near membrane to initial CP. For small scale, the decrease 
of pore size increases the volume to surface area ratio which increases the influence of the EDL 
to the system.  
1.3.2 Formation of concentration polarization 
The exsistence of EDL and its property of overlapping helps to achieve membrane 
selectivity of ions. CP refers to the accumulation of solute at the surface of the membrane, 
causing the solute concentration at the membrane wall to be greater than that of the bulk feed 
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solution [18]. In addition, finite surface charge at the membrane surface also allows for 
adsorption of ions to the membrane that contributing to the formation of the CP region.  
Figure 5 demonstrates the concentration distribution on either side of membrane when 
concentration polarization is present. If the flow goes across the membrane from right (high ion 
concentration) to the left, the ion transport causes a lower concentration on the righ side 
membrane (C0+ < Cb+) and higher concentration in left side of membrane (C0- > Cb-) [19].  As a 
result, the decrease in local concentration difference between the membrane surface and the 
solution leads to solvent flux decrease that lowers the effectiveness of the membrane to generate 
the end product in water desalination.    
 
Figure 5. The formation of concentration polarization. Note that the +,- signs indicate the 
right and left side respectively [9] 
 
Beginning with van't Hoff formula for osmotic pressure,  
࣊ ൌ ࢉࡾࢀ       (3) 
Where ߨ is osmotic pressure, c is molar concentration, R is gas constant and T is temperature. 
When the concentration near the membrane increases, the local osmotic pressure will also go up.  
∆࣊ ൌ ࢼ࣊૚ െ ࣊૛      (4) 
Where ߚ is the ratio of salt concentration at the membrane surface to the concentration in the 
bulk feed solution [13]. CP formation increases the salt concentration on the membrane sufrace  
9 
 
and thus increases the osmotic presssure across the membrane which decreases the effective 
driving force of the separation. As CP continues to develop, more ions accumulated near the 
membrane that acted like an extra membrane to decrease the flux. This process can be analogous 
to distinct cake or gel formation of colloidal and non-Brownian particles as illustrated in Figure 6 
[20] . 
 
Figure 6. Cake formation of concentration polarization [20] 
 
The rapid decrease of one specie favors the concentration build up of the other one, while 
the overlapping of the EDL also helps to initiate  concentration polarization by charge-selective 
transport.  
1.4  I/V Concentration  polarization regimes  
When the electric potentical acts as the driving force in the system, formation of CP can 
be observed through the current/voltage correlation where the current is used as an indicator of 
ion flux. As shown in Figure 7, initially the current and voltage fellow an ohmic relationship 
until a plateau region is reached, when the source side of membrane, which has a diffusion limit 
due to the CP region, blocks any further ion transport, resulting no increase of ion current even 
with higher applied voltage [21]. This limiting current indicates the CP formation that hinders 
the ion transport. After further increases to the applied voltage, significant amount of over-
limiting current can be observed.  
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Figure 7.  I/V curve indicating concentration polarization [10] 
 
The overlimiting region indicates that specific mechanism occurs to overcome the CP. 
Rubinstein et al. suggested that convective mixing may be responsible for this phenomenon [22].  
Electroconvection in strong electrolytes refers to both “the action of the electric field upon the 
residual space charge of a locally quasi-electroneutral electrolyte with non-uniform 
concentration” and the “convection induced by electro-osmotic slip” [22] . These mechanisms 
may evoke complex circular vortices allowing better mixing and permitting CP diminution [10]. 
However, the slope in the over-limiting region is different from that of the Ohmic region 
suggesting that while CP may be lower but not completely eliminated. Furthermore, an alternate 
hypothesis relates to the fact that at high enough potential, electrokinetic migration that the 
electric field induced ions transportation begins to dominate flow and causes ionic flow. Past 
work with membranes and CP evaluated regions similar to electrodialysis membranes or 
nanofluidic devices with operational potentials ranging from 1 volt to several 10s of volts [21]. 
Under such potentials, charge transfer or Faradaic reactions including electrolysis of water is also 
a significant factors that may cause the current/voltage behavior described by Rubistein.  So far, 
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no work has been reported in the sub-1V regions where Faradaic reactions is eliminated 
completely for electrokinetic flow with respect to CP.  
Therefore, the purpose of this thesis is to identify CP regimes under low DC bias applied 
(sub-1V). By identifying these regimes, methods for mitigation of CP under low potential 
operation can be found to achieve better efficiency in small scale desalination device.  
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2. Experimental Methods 
2.1 Nanocapillary Array Membrane (NCAM) 
NCAMs are polymeric membranes that contain large area densities of either conical or 
cylindrical nanopores of high length-to-diameter aspect ratios [23] [24]. Normal pore size varies 
from 8 nm – 100 nm [25]. The experiments were conducted by using track etched, 
Polyvinylpyrrolidone (PVP) coated polycarbonate membranes (diameter 25 mm) with nominal 
pore sizes 10 nm, 50 nm, and 100 nm (GE Osmonics) [10] Membrane pore densities and scaling 
to the number of pores for the open area tested  are summarized in Table 2 based on the data 
provided by the NCAM manufacturer. A scanning electron microscope (SEM) image in Figure 8 
gives an example of an NCAM membrane for a 100 nm pore size.  
Table 2. Properties of nanocapillary array membrane [10] 
 
 
 
 
Figure 8. SEM picture of 100nm NCAM [10] 
 
Pore Diameter Pore Density (pores/cm2) Total Number of Pores
10 nm 6.0E+08 1.2E+09
50 nm 6.0E+08 1.2E+09
100 nm 4.0E+08 8.0E+08
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2.2 Experimental setup 
Membranes were pre-treated by soaking in deionized water for 24 hours and then in 
potassium phosphate buffer for 2 hours. Potassium phosphate buffer was selected for study 
because it is easy to control and maintain the pH by using the Henderson-Hasselbach equation 
     ࢖ࡴ ൌ ࢖ࡷࢇ ൅ ࢒࢕ࢍ ሾ࢈ࢇ࢙ࢋሿሾࢇࢉ࢏ࢊሿ     (5) 
The pH was controlled because of the membrane surface charge dependence on pH, a 
variable which in past work had been seldom controlled [15]. High/low pH indicates basic/acid 
environment where excess OH-/H+ interacts with the surface functional groups from polymer to 
protonated/deprotonated and thus makes surface carried positive/negative charge. Potassium 
phosphate buffer fixed the pH at 7 ± 0.2 was prepared with Millipore 18.2 MΩ deionized water 
and monobasic and dibasic potassium phosphate salts (Sigma Aldrich, USA). The concentration 
would be varied from 0.2 mM, 1 mM, and 10 mM.  
The ion transportation with applied bias would occur in the custom cast acrylic 
permeation cell shown in the Figure 9 under earth grounded Faraday cage. [10] 
 
Figure 9. Schematic diagram of experimental setup [10] 
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Initially, the source side and the permeate side cells contain the same amount of buffer 
solution of 500 mL while 0.14 mM  methylene blue (MB) was added to the source side. In order 
to induce electrokinetic flow, DC bias was applied by gold electrodes (Alfa Aesar) which was 
SC-1 and potentiostat (Gamry Reference 600). The voltages tested were 0 mV, 10 mV, 75 mV, 
100 mV, 250 mV, 500 mV, 750 mV. MB worked as a color dye of ions and thus form 
concentration gradients in the source side and under the influence of electric potential, ions 
would transport across the nanopores to the permeate side.  
Current was recorded by a potentiostat (Gamry Reference 600) throughout the whole 
experiment period of 60 minutes. In addition, equal volume samples were collected from both 
the source and permeate sides at 8 min, 15 min, 30 min, 45 min and 60 min for optical 
measurement. 
2.3 Data analysis  
2.3.1 Concentration-absorbance calibration 
UV-Vis spectroscopy (Thermo-Scientific Evolution 300) was utilized for optical 
measurement that converted the absorbance data to concentration. The concentration variation 
was determined by light absorbance at 665 nm [26]. From the Beer-Lambert law that converts 
measured transmissivity to concentration, 
ࢀ ൌ ࡵࡵ࢕ ൌ ૚૙
ିࢿࢉ࢒      (6) 
where T is the transmissivity, I is the intensity of transmitted light, Io is the intensity of the 
incident light, ߝ is the absorption coefficient of the substance, and l is the distance the light travel 
through. Relationship between absorbance and intensity of light can be described by 
࡭ ൌ െ࢒࢕ࢍ૚૙ሺ ࡵࡵ૙ሻ     (7) 
Combining Equations 6 and 7, absorbance can be related to concentration by  
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࡭ ൌ 	ࢿࢉ࢒       (8) 
where l is fixed by UV-Vis while the only unknown here is ߝ, a constant determined from 
calibration curve of each buffer concentration. Linear relationship of absorbance and 
concentration was utilized to construct the calibration curve. Since the buffer solution is colorless, 
MB is the only component that cause light absorbance change. Seven specific MB concentration 
buffers were prepared for absorbance testing. The results are shown in Figures 10, 11, and 12. 
 
Figure 10. Calibration curve of permeate side at 0.2 mM buffer, 650 nm wavelength [10] 
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Figure 11. Calibration curve of permeate side at 1 mM buffer, 650 nm wavelength [10] 
 
 
Figure 12. Calibration curve of permeate side at 10 mM buffer, 650 nm wavelength [10] 
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Using Figures 10-12, corresponding concentration for a certain absorbance value directly 
extracted from UV-Vis instrument measurement can be found. 
2.3.2 Concentration-current calculation 
Methylthioninium chloride (MB) is assumed to be 100% ionized to methylthioninium 
cations and chloride anions in the solution. The absorbance change of permeate side sample is 
indicated by methylthioninium cations migrating through membrane pores from source side 
since other ions in the solution are colorless. In addition, effect of water hydrolysis is neglected 
since water dissociation occurs at 1.2 V while the maximum operational DC bias applied was 
0.75 V.  
Current was defined as the change of charges in term of time.  
ࡵ ൌ ∆ࡽ∆࢚        (9) 
Concentration gradient is defined as change of concentration in term of time, where 
concentration can also be interpreted as the number of MB cations in the solution per volume.  
∆࡯
∆࢚ ൌ
∆࢔࢖ࢇ࢚࢘࢏ࢉ࢒ࢋ
ࡺ࡭∗ࢂ∗∆࢚       (10) 
NA is the Avogadro constant, and V is the volume of permeate side solution. Since MB cations 
carried single electron charge, the number of particle is replace by the number of electrons as  
∆࢔࢖ࢇ࢚࢘࢏ࢉ࢒ࢋ࢙ ൌ ∆ࡽࢋ       (11) 
Where e is the unit charge and estimated as 1.6x10-19 coulomb.  Combining equations 9, 10 and 
11, the current is related to the measured concentration gradient by equation 12.  
ࡵ ൌ ∆ࢉ∆࢚ ∗ ሺࢋ ∗ ࡺ࡭ ∗ ࢂሻ     (12) 
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Error analysis is conducted by calculating the standard deviation. For each specific case, 
for example, 10 mm buffer, 10 nm pore size at 10 mV bias, 6 samples were collected for a 
certain time interval described in the experimental setup. The deviation is defined as  
࣌ ൌ ට∑ ሺࡵ࢏ሻ૛૟࢏స૚૟ െ ቀ
∑ ࡵ࢏૟࢏స૚
૟ ቁ
૛
     (13) 
                                               
where Ii is current from each sample.  
2.3.3 Average current calculation  
The data of current over time was recorded for each case. Average current is calculated 
by numerical integration with trapezoidal rule [27]. Since the data is discrete and collected over 
non-uniform intervals, Matlab code is modified to include x vector of time variables to the y 
vector of corresponding current value to allow for sufficient accuracy, 
ࡵሺࢌሻ ൌ ׬ ࢌሺ࢚ሻࢊ࢞ ൎ ૚૛∑ ሾࢌሺ࢚࢏ሻ ൅ ࢌሺ࢚࢏ା૚ሿሺ࢚࢏ା૚ െ ࢚࢏ሻࡺ࢏ୀ૚
࢈
ࢇ    (14) 
ࡵࢇ࢜ࢍ ൌ ࡵሺࢌሻ࢚         (15) 
where t is time.  Notice that when DC bias was applied across the membrane, cations such as 
PO43-, H2PO4- and HPO42- moved to the cathode and anions such as K+, H+ MB+ moved to the 
anode. The actual current is defined as the charge difference between the charges from cations to 
the anode through membrane and charges from anions to the cathode through membrane. The 10 
mM case has ~100 times higher concentration of buffer compared to 0.14 mM MB, and thus the 
number of phosphate ions may greatly deviate the actual current value from the “current” 
describe above. In this case, normalization of the actual data by using Equation 16 in terms of 
number of MB ions is a proper adjustment for accurate analysis.  
ࡵࡹ࡮ ൌ ࡵࢇ࢜ࢋ ൈ ࢔ࡹ࡮࢔ࡹ࡮ା࢔۹శା࢔ࡴ૛۾۽૝షା࢔۶۾۽૝૛షା࢔ࢉ࢒ష
    (16) 
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For error analysis, t-distribution is used to determine the deviation for the uneven 
distribution nature of current data over time that more data was collected in the beginning [28],  
ࡰ ൌ േ࢚ࢻ ࡿ√࢔                                                         (17) 
Where ݐఈ is extracted from student t-distribution table with 95 % of probability and 102 degree 
of freedom, ܵ is the standard deviation of Equation 13 and n is the number of data collected 
which is 103 in the experiment.  
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3. Results & Discussion 
3.1 Current/voltage plot from concentration 
Current-voltage relations of the 10 mM buffer concentration for different nanopore sizes 
are plotted in Figure 13. For the same bias applied, 100 nm pore size membrane has the highest 
measured current among all three cases. Based on the experimental method discussed in Chapter 
2.3.2 that the UV-Vis spectroscope only detects the MB ions migration, therefore 100 nm 
membrane pores transport the highest amount of MB cations.  
 
Figure 13. I/V curve based on concentration data for 10 mM buffer normalized for pore 
density of NCAMs, CP regime is similar to those previous reported. The CP onset of 
limiting and overliminting voltage described by Rubinstein was found decreasing as pore 
size increasing. 
 
In addition, the general data point trend follows the pattern of CP regime discussed in 
Chapter 1.4 for 10 nm, 50 nm and 100 nm cases. The 10 nm membrane, for example, ohmic 
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relationship is observed until approximately 160 mV where a limiting current region is reached. 
Then the voltage starts to increase again after 210 mV. The starting voltage for both limiting and 
overlimiting current decreases as membrane pore size increases. Since ࣄࢇ is larger than 1, no 
EDL overlapping is expected for all three cases. Larger pore size membrane allows more ions 
transport and thus favoring the initiation of concentration polarization at low applied bias.  
 
Figure 14. I/V curve based on concentration data for 1 mM buffer normalized for pore 
density of NCAMs, CP regime is similar to those previous reported. The CP onset was 
found decrease as pore size increases 
 
The current-voltage relations of the 1 mM buffer concentration cases are shown in Figure 
14. These cases also follow the major characteristic observed for the 10 mM cases and general 
CP regime described by Rubinstein discussed in Chapter 1.4. The current-voltage relations for 
the 0.2 mM buffer concentration cases are shown in Figure 15. These cases still follows the 
major characteristics described for the 10 mM cases and general CP regime patterns are also 
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observed except for the missing ohmic current for the 50 nm case. The experimental conditions, 
such as buffer concentration, become harder to control as buffer concentration decreases to 0.2 
mM. As a result, the 0.2 mM case may experience more deviation than that of 1 mM and 10 mM 
cases. 
 
Figure 15. I/V curve based on concentration for 0.2 mM buffer normalized for pore density 
of NCAMs, CP regime is not similar to those previous reported. Ohmic regions are missing 
for 50 nm. The overlimiting regions start from ~250 mV, ~80 mV and 100 mV 
corresponding to the increase of pore size. 
 
The effect of buffer concentration on the membrane current voltage relationship for the 
10 nm membrane is presented in Figure 16. Identical CP regime can be observed as discussed  
earlier this chapter. For the same membrane pore size, the initial voltage values for limiting and 
overlimiting current are increasing as the buffer concentrations go down from 10 mM to 1 mM. 
Interestingly, 0.2 mM case did not follow this general trend and CP regime tends to occurred at 
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small voltage. Similar characteristic can also be observed for other membrane pore size such as 
50 nm and 100 nm case in Appendix A.  
 
Figure 16. I/V curve for 10 nm membrane normalized for pore density. CP regime 
observed here is described in Figures 13-15. 
3.2 Current/voltage plot by Potentiostat  
The current-voltage relations for the 10 mM case, based on the current data normalized 
for number of MB ions, are plotted in Figure 17. It can be shown that pore sizes have no effect 
on the current voltage relationship. All the data points of the same voltage almost overlap with 
each other considering the error bar presented. This indicates that membrane pore size have no 
effect on the amount of current that can passes through them, which is not consistent with what 
has been discussed in Chapter 3.1.  
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Figure 17. I/V curve based on current for 10 mM buffer solution. The data points indicate a 
linear relation with all three pore size data points overlapping at the same applied voltage  
 
Beside the possible experimental device deviation, the actual current value may be 
deviated by other important factors such as resistance of the membrane as well as the capacitance 
of the EDL inside the membrane pores [10]. Recall the previous assumption that MB cations 
migration from the source side to the permeate side contribute to the only source of current for 
studying the CP regime (Chapter 2.3.2). However, Potentiostatic machine reports the current of 
the whole system in which contains the membrane, ions and EDL inside the pores. As a result, 
the reported current result may not reflect the ion transport properly because of the parallel and 
series circuit relationship in Figure 18. Beyond this thesis, more accurate circuit analysis should 
be conducted to minimize the influence of membrane resistance and capacitance of EDL. 
Therefore, all the analysis of current data will be inconclusive and beyond the scope of this thesis. 
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Figure 18. Proposed equivalent circuit model for NCAM including the membrane solution 
interface. Note Rs is solution resistance, Cedl is the capacitance of the EDL in the pore and 
Rp is the resistance of the pore [10] 
 
As summarize below in Table 3, for 10 mM buffer concentration, where no overlapping 
exist, the onset regime decreases as pore size increases. EDL overlap for ߢߙ = 0.71 of 1 mM, 10 
nm membrane still follows the general trend of the voltage required for limiting region, as those 
of non-overlapping one. Although electrokinetic flow dominates the overall transport mechanism, 
its effect to the onset CP regime is not great enough compared to the pore size. For ߢߙ = 0.36 of 
the 0.2 mM, 10 nm membrane, the over-limiting current is even lower than that of the 100 nm 
one. The effect of EDL clearly exceeds the effect of the pore diameter. Therefore, it is possible 
that there is a point of ߢߙ between 0.36 and 0.71 that the effect of pore size and EDL overlap 
counteracts with each other.  
Table 3. Summery of ࣄࢇ [10] and estimated voltage to start limiting and overlimiting 
current region 
   Concentration Data 
Concentration (mM) Pore (nm) ߢߙ limiting current over-limiting current
10 10 2.17 160 210 
50 10.9 50 140 
100 21.7 30 120 
1 10 0.71 280 530 
50 3.56 250 490 
100 7.11 110 190 
0.2 10 0.36 80 210 
50 1.81 0 80 
100 3.62 75 120 
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4. Conclusions  
The concentration polarization regime that described by Rubinstein of ohmic, limiting 
and over-limiting current is clearly observed for most of the parameters tested except for the 0.2 
mM, 50 nm case. In addition, the study of parameters such as membrane pore size and buffer 
concentration show that with same buffer solution concentration, as pore size increases, the 
system has a higher current and the onset of CP regime also has a decreasing voltage value. For 
the same pore size membranes, the onset of CP regimes has an increasing voltage value as buffer 
concentration goes up.  
For future work recommendations, optimization of the current data to get more 
representative current value by eliminating the system impedance is necessary to improve the 
current data and get more accurate results. This can be done by testing only the membrane with 
or without buffer solution as a reference point for each parameter sets.  
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Appendix A: Current voltage relationship of fixed nanopore size with comparison of influence of 
buffer concentration to the concentration polarization regime. Similar characteristic discussed in 
Chapter 3.1 can be observed here.  
 
Appendix A1. I/V curve for 50 nm membrane normalized for pore density. CP regime 
observed here is described in Figures 13-15 
 
Appendix A2. I/V curve for 100 nm membrane normalized for pore density. CP regime 
observed here is described in Figures 13-15 
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Appendix B: Current voltage relationship of fix buffer concentration for comparison of nanopore 
size towards the CP regime. Below are the Figures from current data which are inconclusive 
considering the potential error discussed in Chapter 3.2 and beyond the scope of study of this 
thesis. 10 mM case is within the Chpater. 
 
Appendix B1. I/V curve based on current for 1 mM buffer solution 
 
Appendix B2 I/V curve based on current for 0.2 mM buffer solution 
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Appendix C: Current voltage relationship of fix nanopore size for comparison of buffer 
concentration towards the CP regime. Below are the Figures from analysis of current data which 
are not conclusive considering the potential error discussed in Chapter 3.2 and beyond the scope 
of study of this thesis.  
 
Appendix C1: I/V curve based on current for 10 nm NCAM pore size 
 
Appendix C2. I/V curve based on current for 50 nm NCAM pore size 
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Appendix C3. I/V curve based on current for 100 nm NCAM pore size 
 
 
 
